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TRANSFORMATION AND GENE THERAPY OF CELLS OF THE INNER EAR 
5 Field of the Invention 

This invention relates generally to the field of 
eukaryotic cell transformation, particularly transformation of 
cells of the inner ear, including cells of the auditory 
nerves, cochlea, and vestibular system, and application of 
10 transformation techniques of the invention for use in gene 
therapy . 

Background of the Invention 
The ear facilitates sound perception by first 
transforming the pressure changes of sound waves into physical 

15 movements of the tympanic membrane (Figs. 1 and 2) . Movements 
of the tympanic membrane are then translated into movements cf 
the bones of the middle ear, so that the footplate of the 
stapes induces movements cf the oval window. These oval 
window movements are transmitted as waves in the endocochlear 

20 fluids (perilymph, endolymph, and cortilymph) . Pressure waves 
induced in the cochlear fluids then cause movements of the 
basilar membrane of the organ of Corti, located in the 
cochlear duct (Fig. 3), thereby inducing a shearing or 
twisting motion in the process of the hair cells whose distal 

25 tips are embedded in the tectorial membrane. The hair cells 
transduce the mechanical deformation of the hairs into nerve 
impulses in the terminal fibers of the cochlear branch of the 
vestibulocochlear nerve (cranial nerve VIII). Transmission of 
these signals to the appropriate cortical areas of the brain 

30 results in sound perception. 

Hearing impairment, which can range from a minor 
inability to perceive particular sound frequencies to complete 
deafness, is classified into three general categories: 
conductive losses, sensorineural losses, and mixed losses. 

3 5 Conductive losses interfere with transmission cf sound - -h^ 
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hearing loss in elderly patients, while fluid in the middle 
ear space (serua otitis media) is the most common cause cf 
conductive hearing loss in children. 

Sensorineural hearing loss is associated with damage 
to the cochlea, cranial nerve VIII, or its central connection 
(the brain stem auditory pathways and the auditory crest) 
Damage can result from age-related changes, environmental 
influence, or pathological processes. For example, 
presbycusis, a sensorineural hearing loss that accompanies 
aging, is caused by a degenerative process of the inner ear 
and is characterized by a loss of hair cells, atrophy of the 
spinal ganglion, altered endolymph production, thicken! nq of 
the basilar membrane, or neural degeneration. Other causes cf 
sensorineural losses include noise trauma, ototoxic drugs, 
involvement cf the acoustic nerve by benign cr malignant 
tumors, cerebrovascular disease, and possible complications of 
arteriosclerosis. Hearing loss that is caused by both 
conductive and sensorineural impairments is termed mixed or 
combined hearing loss . 

Conventional treatment of hearing less depends on the 
type and degree of hearing loss and the age at onset . 
Surgical and medical intervention, corrective amplification 
(e.g., hearing aids), and education are most commonly used. 
Medical management, surgical management, or both are generally 
appropriate for conductive hearing loss, depending on the 
degree of impairment and the status of bone conduction and 
speech discrimination. Surgical removal of tumors of cranial 
nerve VIII may preserve hearing; however, the primary 
objective of such procedures is relief of vertigo. Cochlear 
lesions usually are not correctable using conventional 
therapies. Management of a disease or damaged cochlea using 
conventional therapy consists of hearing aid fitting, 
audiological rehabilitation, and for patients without aidable 
hearing, cochlear implants. 

The conventional methods of treatment and study of 
hearing loss associated wi*~h t- h -^ ri p>- o-^ - 
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adequate means to examine the function of specific genes and 
gene products within the cells of the inner ear. Although 
gene therapy is currently used to treat a variety of genetic 
conditions and infections in other settings, application of 
5 gene therapy to genetic defects and other conditions of the 
inner ear is hampered by the availability of a method for 
delivery of transforming DNA to the inner ear and 
transformation of the cells. 

The present invention addresses this problem. 

1 0 Summary of the Invention 

The present invention features compos i t- i on s and 
methods for transformation of cells of the inner ear and 
treatment of conditions of the inner ear using such methods. 
More specifically, cells of an inner ear of a subject are 

15 genetically altered to operatively incorporate a nucleotide 
sequence which expresses a gene product of interest (e.g., a 
therapeutic gene product) . Preferably, the inner ear cell 
into which the DNA of interest is introduced and expressed in 
a cell of the cochlea, more preferably a cell of the spiral 

20 ligament, spiral limbus, stria vascularis, organ of Corti, 
spiral ganglion, and/or Reissner's membrane, and/or an 
auditory hair cell. The DNA of interest, preferably present 
within an adeno-associated viral vector, is introduced through 
a cannula inserted in the round or oval window and in 

25 communication with the perilymph or endolymph. Preferably, 
introduction of the DNA of interest is accomplished with an 
osmotic minipump . 

The invention also features recombinant cells of the 
inner ear, preferably a recombinant cochlear cell, more 

3 0 preferably a recombinant cell of the spiral ligament, spiral 
limbus, organ of Corti, spiral ganglion, Hansen's cell, and/or 
Reissner's membrane and/or an auditory hair cell, containing a 
DNA of interest operatively inserted in the genome of the cell 
and operatively linked to a promoter for expression of the DNA 
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A primary object of the invention is to provide a 
method for transformation of inner ear cells useful in the 
examination of the mechanisms associated with hearing and 
hearing impairment . 
5 Another object is tc provide a method of gene therapy 

wherein cells of an inner ear of a subject are genetically 
modified to express a therapeutically useful gene product. 

Another object is tc produce genetically transformed 
inner ear cells which cells have incorporated into their 
10 genome genetic material which expresses a gene product of 
interest, e.g., a therapeutic gene product. 

An advantage of the present invention is that gene 
therapy can be achieved in the ear to provide treatment of 
various conditions associated with defects (e.g., genetic 
15 defects, or defects associated with environmental damage or 

age-related deterioration) and/or infections of the peripheral 
auditory system, including the cochlea and its associated 
cells and structures. 

Another advantage is that the method of transformation 
20 of the invention provides a means to access the inner ear and 
transform cells of the inner ear without substantially 
disrupting the delicate structures of the inner ear or 
eliciting a significant inflammatory response. 

Yet another advantage is that the method of 
25 transformation of the invention can be used in conjunction 
with cochlear implantation to deliver various factors to 
enhance acceptance and success of the implant (e.g., 
antiinflammatory agents, nerve growth factors, antibiotic 
agents , etc . ) . 

30 Another advantage of the present invention is that 

transformation of the cells of the peripheral auditory system, 
including cells of the cochlea, can be used to examine the 
causes of hearing impairment and to better understand the 
mechanisms associated with hearing and balance. 

35 These and other objects, advantages and features of 
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Brief Description of the Drawing 
Fig. 1 is a schematic illustration of the human ear. 
Fig. 2 is a schematic illustration of the human inner 

ear . 

5 Fig. 3 is a schematic illustration of a cross -sect ion 

through a turn of a human cochlea. 

Fig. 4 is a schematic illustration (enlarged relative 
to Fig. 3) of a cross - section through a turn of a human 
cochlea . 

10 Fig. 5 is a schematic of a recombinant construct 

useful in producing recombinant inner ear cells according tc 
the invention. 

Fig. 6 is a schematic view of a recombinant adeno- 
associated viral construct containing DNA encoding the marker 

IS gene Q -galactosidase (/3-gal) . TR represents the terminal 

repeat of adeno-associated virus (145 bp); P^p represents the 
Ad 2 major late promoter (695 bp) ; SD/SA SV40 represents the 
late gene 16S/19S splice donor/splice acceptor signal of SV40 
(180 bp); 5-gal represents that /J-gal gene (3530 bp); pAl 

20 represents the polyadenylation signal of the SV4 0 late genes 
(196 bp); and pAe represents the polyadenylation signal of 
SV4 0 early genes (50 bp) . 

Fig, 7 is a schematic illustration of a recombinant 
adeno-associated viral vector for expression of neurotrophin-3 

25 (NT-3) . 

Fig. 8 is a schematic illustration of a recombinant 
adeno-associated viral vector for expression of brain- derived 
neurotrophin factor ( 3DNF) . 

Fig. 9 is a schematic illustration of a recombinant 
30 adeno-associated viral vector for expression of nerve growth 
factor (NGF) . 

Fig. 10 is a schematic illustration of a recombinant 
adeno-associated viral vector expressing 0-galactoidase under 
the control of the CMV immediate/early gene promoter (Pcmv) . 
35 IRES represents the internal ribosome entry site; SV40 SD/SA 
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Fig. 11 is a schematic illustration of a recombinant 
adeno-associated viral vector for expression of green 
fluorescent protein (GFP) from the CMV early/immediate gene 
promoter (Pcmv) . IRES represents the internal ribosome entry 
5 site; SV40 SD/SA represents the late gene 16S/19S splice 

donor/splice acceptor signal of SV40; SV40poly(A) represents 
polyadenylation signal of SV40 late genes; bGHpoy(A) 
represents the polyadenylation signal. 

Fig. 12 is a schematic illustrating use of the osmotic 

10 mini pump for steady state delivery of AAV to the cochlea of a 
guinea pig via a cannula inserted through an opening created 
n^rir fhp cochlear base, 

Fig. 13 is a panel of photographs showing in vitro 
transf ection of rat cochlear cells either as dissociated cells 

15 (upper left panel) or as cochlear explants (bottom left and 
right panels } . 

Fig. 14 is a panel of photographs showing organotypic 
rat cochlear explants stained with neurofilament antibody 
after exposure to amikacin either with or without 

2C transformation with BDNF-encoding DNA (AAV-BDNF) . Control, 
untreated cells, top left panel; cells treated with amikacin 
only, top right panel; cells infected with AAV-BDNF, bottom 
left and right panels. 

Description of the Preferred Embodiments 

25 Before the present method of genetically transforming 

cochlear cells and methods for providing gene therapy are 
described, it is to be understood that this invention is not 
limited to the particular methodology, protocols, cell lines, 
cochlear ceils, vectors and reagents described as such may, of 

30 course, vary. It is also to be understood that the 

terminology used herein is for the purpose of describing 
particular embodiments only, and is not intended to limit the 
scope of the present invention which will be limited only by 
the appended claims. 

35 It must be noted that as used herein and in the 
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transformation vector" includes reference to one or more 
transformation vectors and equivalents thereof known to those 
skilled in the art, and so forth. 

Unless defined otherwise, all technical and scientific 
5 terms used herein have the same meaning as commonly understood 
to one of ordinary skill in the art to which this invention 
belongs. Although any methods, devices and materials similar 
or equivalent to those described herein can be used in the 
practice or testing of the invention, the preferred methods, 

10 devices and materials are now described. 

All publications mentioned herein are incorporated 
herein by reference for the purpose of describing and 
disclosing the cell lines, vectors, and methodologies which 
are described in the publications which might be used in 

IB connection with the presently described invention. The 
publications discussed above and throughout the text are 
provided solely for their disclosure prior to the filing date 
of the present application. Nothing herein is to be construed 
as an admission that the inventors are not entitled to 

20 antedate such disclosure by virtue of prior invention. 

Definitions 

By " inner ear" is meant the portion of the ear 
positioned medial to the middle ear of a mammalian or 
nonmammalian subject, and includes the cochlea, the auditory 
25 nerves, the semicircular canals and ducts, the ampules, the 
saccule, the endolymphatic sac, and the cochlear and 
vestibular aqueducts. Fig. 1 is a schematic showing the 
position of the inner ear relative to the outer and middle 
ear. Fig. 2 is a schematic showing a cross section of the 
30 inner ear and its relation to the middle ear. 

By "inner ear cell" or "cell of the inner ear" is 
meant a cell of any of the structures of the inner ear. 

By "cochlea" is meant the structure of the inner ear 
m the shape of a coiled tube of about 35 mm in length. In 

..... ..... _i . . . . ^ b:.'_ . :: :^nx;"ai/ . ; ; - - . 

-a . .i verticu-: and trie icwer sea la tympam contain per i lymph 
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and communicate with each other at the apex of the cochlea 
through a small opening called the helicotrema. At the base 
of the cochlea, the scala vestibuli ends at the oval window, 
which is closed by the foot plate of the stapes. The scala 
5 tympani ends at the round window, a foramen on the medial wall 
of the middle ear that is closed by the flexible secondary 
tympanic membrane. The scala media, the middle cochlear 
chamber that contains endolymph, is continuous with the 
membranous labyrinth and does not communicate with the other 
10 two scalae. Figs. 2 and 3 are schematics of a the human 

cochlea and structures within the human cochlea. Fig. 4 is a 
schematic of a cross section of a turn of the cochlea of the 
guinea pig. 

By "isolated cochlea," "cultured cochlea, " or 

15 "organotypic cochlear culture" is meant a cochlea that is 
removed and separate from an inner ear. 

By "cochlear cell" is meant a cell of any portion of 
or structure of the cochlea, including, but not limited to, 
any cell of the spiral ligament, spiral limbus, stria 

20 vascularis, organ of Corti, Reissner's membrane, basilar 

membrane, and spiral ganglion, as well as auditory hair cells. 
Structures and cells of the cochlea are shown in Figs. 3 and 
4. A substantially enriched transformed cochlear cell culture 
is an in vitro culture of cochlear cells genetically 

25 transformed according to the method of the invention. 

"Window of the inner ear" is meant to include the 
round window and oval window of the inner ear. The round 
window is a foramen on the medial wall of the middle ear 
positioned at the at the base of the cochlea at the end of the 

30 scala tympani. The round window is closed by the secondary 
tympanic membrane. The oval window is a foramen that defines 
the end of the scala vestibuli and is closed by the foot plate 
of the stapes. The position of the oval and round windows in 
the ear are shown in Fig. 2. 

3 5 By "transformation" is meant any permanent or 

t r a r. s e n ** n p n *-> *- i ^ ~ v ~ n *~ n ^ ; ~ i ■ - - c 
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By "target cell" is meant a cell(s) that is to be 
transformed using the methods and compositions of the 
invention. Transformation may be designed to nonselectively 
or selectively transform the target cell (s) . In general, 
5 target cell as used herein means a cell of the inner ear that 
is to be transformed using the method and compositions of the 
invention . 

By "transformed cell" is meant a cell into which (or 
into an ancestor of which) has been introduced, by means of 

10 recombinant DNA techniques, a DNA molecule encoding a molecule 
(e.g., RNA and/or protein) of interest (e.g., nucleic acid 
encoding a therapeutic cellular product). 

By "nucleotide sequence of interest" or "DNA of 
interest" is meant any nucleotide sequence (e.g., RNA or DNA 

15 sequence) or DNA sequence that encodes a protein or other 
molecule that is desirable for expression in a target cell 
(e.g., for production of the protein or other biological 
molecule (e.g., a therapeutic cellular product) in the target 
cell) . The nucleotide sequence of interest is generally 

20 operatively linked to other sequences which are needed for its 
expression, e.g., a promoter. Use of "DNA of interest" 
throughout the specification is not meant to limit the 
invention to deoxyribonucleic acid. 

By "gene product of interest" is meant a polypeptide, 

2 5 RNA molecule, or other gene product that is desired for 
expression in a cell of the inner ear. "Gene products of 
interest" can include, for example, polypeptides that serve as 
marker proteins to assess cell transformation and expression; 
fusion proteins, polypeptides having a desired biological 

30 activity, gene products that can complement a genetic defect, 
RNA molecules, transcription factors, and other gene products 
that are of interest in the regulation and/or expression of 
the cellular functions of inner ear cells. "Gene products of 
interest" can also include nucleotide sequences that provide a 

35 desired effect or regulatory function, but do not necessarily 
encode an RNA mnlp~\]le or pO'^^r^H^ r 0> ~ ^ r - '° - 
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By "therapeutic gene product" is meant a polypeptide, 
RNA molecule or other gene product that, when expressed in a 
cell of the inner ear, provides a desired therapeutic effect, 
e.g., repair of a genetic defect in the inner ear cell genome 
5 (e.g., by complement), expression of a polypeptide having a 
desired biological activity, and/or expression of an RNA 
molecule for antisense therapy (e.g., regulation of expression 
of a endogenous or heterologous gene in the inner ear cell 
genome) . 

10 By "vector" is meant any compound or formulation, 

biological or chemical, that facilitates transformation or 
transf ection of a target cell (e.g., a cochlear or vestibular 
cell) with a DNA of interest. Exemplary biological vectors 
include viruses, particularly attenuated and/or replication- 

15 deficient viruses. Exemplary chemical vectors include lipid 
complexes and DNA constructs. 

By "promoter" is meant a minimal DNA sequence 
sufficient to direct transcription of a DNA sequence to which 
it is operably linked. "Promoter" is also meant to encompass 

20 those promoter elements sufficient for promoter-dependent gene 
expression controllable for cell-type specific expression, 
tissue-specific expression, or inducible by external signals 
or agents; such elements may be located in the 5' cr 3 ' 
regions of the native gene. 

2S By "operably linked" is meant that a DNA sequence and 

a regulatory sequence (s) are connected m such a way as to 
permit gene expression when the appropriate molecules (e.g., 
transcriptional activator proteins) are bound to the 
regulatory sequence (s) . 

30 By "operatively inserted" is meant that the DNA of 

interest is positioned adjacent a DNA sequence that directs 
transcription and translation of the introduced DNA (i.e., 
facilitates the production of, e.g., a polypeptide encoded by 
a DNA of interest) . 

35 By "subject" or "patient" is meant any mammalian or 

nonmammalian subier v f r> - vh^ " v r . - . - - 
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embryos, bullfrogs (as well as other reptiles) , and fish. 
Subjects include subjects that are to be treated for a hearing 
disorder or condition (e.g., humans) as well as mature and 
immature subjects that can serve as models for the study of 
S hearing, cochlear and vestibular function, hearing loss, 
disorders, and conditions associated with hearing loss. 

By "transgenic organism" is meant a nonhuman organisrr. 
(e.g., mammal or nonmammal ) , having a nonendogenous (i.e., 
heterologous) nucleic acid sequence present as an 

10 extra chromosomal element in a portion of its cells or stably 
integrated into its germ line DNA- 

By "transgenic animal" is meant a nnnhnman animal 
subject, usually a mammal, having a nonendogenous (i.e., 
heterologous) nucleic acid sequence present as an 

15 extrachromosomal element in a portion of its cells or stably 
integrated into its germ line DKA (i.e., in the genomic 
sequence of most or all of its cells). Heterologous nucleic 
acid is introduced into the germ line of such transgenic 
animals by genetic manipulation of, for example, embryos or 

20 embryonic stem cells of the host animal. 

The invention will now be described in further detail. 

Vectors and constructs 

Any of a variety of vectors may be used in the present 
invention. Exemplary biological vectors include viruses, 

25 particularly attenuated and/or replication-deficient viruses. 
Exemplary chemical vectors include lipid complexes and various 
formulations comprising the nucleotide sequence of interest. 
The vectors can contain or be derived from any of a variety of 
viral constructs, bacterial constructs, or constructs capable 

3 0 of replication in eukaryotic and prokaryotic hosts. 

Preferably, the construct is capable of replication in both 
eukaryotic and prokaryotic hosts in order to facilitate 
efficient production of the DMA of interest for use in the 
method of the invention. Numerous constructs that can 

2 ? r ep 1 ica"? i r. :k a rvo t i c an^ rr ~ ^ ^ "^v ~ - ~ " K " ~ - ■* ~= t - 
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constructs and artificial chromoson.es (e.g., human artificial 
chromosomes). A generic construct for use in the method of 
the invention is shown m Fig. 5. The basic vector components 
include a promoter operably linked to a nucleotide sequence of 
b interest. Additional components of a basic vector include a 
polyadenylation signal, a splice signal, and terminal ^epeat 
sequences (TR) , e.g., TR sequences corresponding to the viral 
sequence from which a viral vector is derived 

10 h , ' ranSf ° rraati0n ° f «r cells may be accomplished 

10 by introduction of a DNA- or RNA-liposome complex formulations 
into the inner ear. DNA- or RNA- complex formations comr>-i^ 
a mature of lipids which bind to genetic material (DNA o^ 
RNA), providing a hydrophobic coat which allows the genetic 
material to be delivered into cells. Liposomes which can be 
1- used m accordance with the invention include DOPE (dioleyl 
phosphatidyl ethanol amine), CUDMEDA (N- ( 5 -cholestrum- 3 -tf-ol 
3-urethanyl,- H ' #N '- dimet hylethylene diamine, . When the DNA of 
anterest is introduced using a liposome, it is preferable to 
farst determine in vitro the optimal values for the DNA- ip id 
ratios and the absolute concentrations of DNA and lipid as a 
function of cell death and transformation efficiency These 
values can then be used m or extrapolated for use in m vivo 
transformation. The m vi tjro determinations of these values 
can be readily carried out using techniques which are well 
2 5 known in the art. 

Other nonviral vectors may also be used in accordance 
with the present invention. For example, such chemical 
formulates include DNA or RNA coupled to a carrier molecule 
(e.g., an antibody or a receptor ligand) which facilitates 

30 delivery to host cells for the purpose of altering the 
biological properties of the host cells. By the term 
"chemical formulations" i s meant modifications of nucleic 
acids to allow coupling of the nucleic acid compounds to a 
carrier molecule such as a protein cr lipid, or derivative 

35 thereof. Exemplary protein carrier molecules ir-i,^ 
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not encapsulated) , or may be provided as a formulation of DNA 
and cationic compounds (e.g., dextran sulfate, DEAC-dextran, 
or poly-L-lyaine) . 

Preferably, a viral vector is used m the method of 
5 inner ear gene therapy of the invention. in general viral 
vectors used m accordance with the invention are composed of 
a viral particle derived from a naturally-occurring virus 
which has beer, genetically altered to render the virus 
replication-defective and to express a recombinant gene of 
0 interest. Once the virus delivers its genetic material to a 
cell, it does not generate additional infectious virus bu~ 
does introduce exogenous recombinant genes into the cell 
preferably into the genome of the cell. Alternatively the 
virus containing the DNA of interest is attenuated, i' e . does 
5 not cause significant pathology or morbidity m the infected 
host (i.e., the virus is nonpathogenic or causes onlv minor 
disease symptoms) . Numerous viral vectors are well known in 
the art, including, for example, adeno-associated virus (AAV) 
retrovirus, adenovirus, herpes simplex virus (HSV) , 
) cytomegalovirus (CMV) , vaccinia and poliovirus vectors. In 
addition, lentivirus may be used to deliver a DNA of interest 
to inner ear cells. 

Several viral vectors have designed for delivery of 
nucleotide sequences encoding therapeutic gene products to 
eukaryotic cells (Cohen-Haguenauer , 1994, Nouvelle Sevue 
Francaise D Hematologie, 26 Suppl l:S3-9). The prototypes for 
viral mediated gene transfer are the retroviruses (Will iams 
1990, Hum. Gene Therap. , l(3) : 229-39; Merrouche et al i 992 
Hum. Gene Therap., 3(3) .-285-91 ; Barba et al , 1993, J 
Neurosurg., 79 (5 ) : 729 - 3 5 ) . Retroviral vectors are 
characterized by their ability to preferentially integrate 
into the genome of rapidly dividing cells, making them an 
ideal vector for introducing tumoricidal factors into 
proliferating neoplastic cells. However, retroviral vectors 
are not necessarily as well-suited to the transformation of 



'lenry Adenoviral vector- ao not integrate into th« 
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genome of the target cell {Berkner, 1992 , Curr. Topics 
Microbiol, Immunol., 158 : 39-66; Boviatsis et al . , 1994, Human 
Gene Therap. , 5: 183-191) and thus provide temporal 
recombinant gene expression from an extra - chromosomal element 
5 for a period of several weeks to a month. 

Replication-defective recombinant viruses and plasmid- 
derived ampl icons derived from herpes virus vectors have been 
developed for gene delivery into cells and tissues (Leib et 
al,, 1993, Bioessays, 1J5: 547-54 ; Boviatsis et al . , 1994, 

10 Human Gene Therap., 5: 183-191). Both herpes -derived gene 
delivery vectors are relatively nonpathogenic to neural 
HRsues and can mediate transgene expression in a substantial 
number of neurons and other cell types. The recombinant 
herpes vectors have the distinct advantage tnat they can enter 

15 a latent state in some neuronal cells and thus could 

potentially mediate stable transgene expression. Adeno- 
associated virus (AAV) has several desirable characteristics 
as a vector for gene therapy (Kotin, R.M., 1990, Proc . Natl. 
Acad. Sci. USA, 81: 2211-5; Muzyczka, N., 1992, Curr. Topics 

20 Microbiol. Immunol., 156 : 97-129). AAV is nonpathogenic in 
both humans and animals and has a broad host range including 
human, primate, canine and murine. Its ability to infect and 
integrate into nondividing cells with high frequency makes it 
a desirable vector for transfecting post-mitotic epithelia of 

25 the inner ear (Kaplitt et al . , 1994, Nature Genet, 8: 146- 
154) . AAV integration is stable; AAV remained stably 
integrated in the genome of transformed cells through 150 
passages. Thus, AAV and AAV-derived vectors are preferred for 
use in the present invention in the transformation of cells of 

30 the inner ear. 

Where a viral vector is used to accomplish target cell 
transformation, the viral vector is preferably a replication- 
deficient virus. Where a replication-deficient virus is used 
as the viral vector, infective virus particles containing 

35 either DNA or RNA corresponding to the desired therapeutic 



Preferably, transformation of the recombinant c 
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the recombinant viral vector will not result in production of 
replication-competent viruses (e.g., by homologous 
recombination of the viral sequences of the recombinant cell 
line into the introduced viral vector) . 
5 Methods for production of replication-deficient viral 

particles containing a nucleotide sequence of interest are 
well known in the art and are described in, for example 
Rosenfeld et al, Science 2^2:431-434, 1991 and Rosenfeld et 
al.. Cell 68:143-155, 1992 (adenovirus); USPN 5 , 13 9 , 941 
10 (adeno-associated virus) ; USPN 4,861, 719 (retrovirus); and 
USPN 5,356,806 (vaccinia virus ) . 

The vector for transformation is composed of (i n the 
case of a nonviral vector) or derived from (in the case of 
recombinant viral vectors) a DNA construct. Preferably the 
15 DNA construct contains a promoter to facilitate expression of 
the DNA of interest within the inner ear cell. Preferably the 
promoter is a strong, eukaryotic promoter. 

Exemplary eukaryotic promoters include promoters from 
cytomegalovirus (CMV) , mouse mammary tumor virus (MMTV) Rous 
20 sarcoma virus (RSV) , adenovirus, herpes simplex virus (HSV) 
(e.g., HSV thymidine kinase promoter), and SV40. More 
specifically, exemplary promoters include the Ad 2 major late 
promoter (Wong et al. 1986 J. Virol. 60 (1) : 149-56 ) , the 
promoter from the immediate early gene of human CMV (Boshart 
25 et al., Cell 41:521-530, 1985) and the promoter from the long 
terminal repeat (LTR) of RSV (Gorman et al . 1982 Proc Natl 
Acad. Sci. USA 70:6777-6781). Of these promoters, the CMV and 
Ad 2 major late promoters are especially preferred. 

Other components of constructs suitable for use 
30 include a marker(s) (e.g., an antibiotic resistance gene (such 
as an ampicillin resistance gene), 0-galactosidase or green 
fluorescent protein (GPP) ) to aid in selection of cells 
containing the construct, an origin of replication for stable 
replication of the construct in a bacterial cell (preferably 
35 a high copy number origin of replication), a nuclear 
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media, the DNA of intent is preferably operably linked to a 
SeCretl ° n Si9nal " S " ch -ecretion signals can prov.de for 
delivery of the gene product of interest into an inner ear 
lumen (i.e., the cochlear duct) and/or into a fluid of the 
inner ear (e.g., the endolymph, perilymph, and or cortilymph) 
For eukaryotic expression, the construct should 

IITZ ^ 3 mnimUm 3 6Ukary0tiC °Perably U „ked to 

the DNA of interest, which is in turn operably ^ 

polyadenylation sequence. The polyadenylation signal sequence 
may be sel ected fro, any of a variety of polyadenylation 
signal sequences known in the art. Preferably, the 
polyadenylation signal sequences are the polyadenylation 
signal sequences of the SV40 late and/or early genes The 
construct may also include one or m ore mtrone, which can 



15 increase levels of expression of the DNA of interest 
a variety of introns known in the art may be used. 



Any of 



... MJ , uocu . For 

example, the human 0-globm ir.tron can be inserted in the 
construct at a position 5' to the DNA of interest to provide 
enhanced expression. 

20 The DMA of interest can be inserted into a construe 

so that the therapeutic protein is expressed as a fusion 
protein. For example, the therapeutic protein car. be a 
portion of a fusion protern having 0-galactosidase or a 

25 ITllTcT* 0 * V N - te — therapeutic protein 

at the C-termmal portion. Or, for example, the therapeutic 
protein (or a portion thereof) can be fused to greer 
fluorescent protein (or a portion thereof). Methods for 
production of such fusion proteins are well known in the ar^ 
(see, for example, Sambrook et al . Molecular Cloning- a 

30 Laboratory «anuai , 2nd Ed., 1989, Cold Spring Harbor 

Laboratory Press, Cold Spring Harbor, NY; Kain et al 1995 
Biotechnigues 19:650-655; and Clontech Laboratories, 3nc 
Technics Service Protocol #PT2040-1, Version #PR64559, each 

35 method 7 ***** b >' Terence with respect 'to 
35 methods and compositions for production and ^ 
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therapeutic protein is secreted into the perilymph of the 
cochlea . 

It may also be desirable to produce altered forms of 
the therapeutic proteins that are, for example, protease 
5 resistant or have enhanced activity relative to the wild-type 
protein. Further, where the therapeutic protein is a hormone, 
it may be desirable to alter the protein's ability to form 
dimers or multimeric complexes. 

The construct containing the DNA of interest can also 
10 be designed so as to provide for site-specific integration 
into the genome of the target inner ear cell. Methods and 
compositions for preparation of such si t^-specif ic constructs 
are described in, for example, 

USPN 5,292,662, incorporated herein by reference with respect 
15 to the construction and use of such site-specific insertion 

vectors. Techniques for production of nucleic acid constructs 

for expression of exogenous DNA or RNA sequences in a host are 

known in the art (see, for example, Kormal et al . , Proc . Natl. 

Acad. Sci. USA, 84 = 2150-2154, 1987; and Sambrook et al . , 
2 0 supra, each of which are hereby incorporated by reference with 

respect to methods and compositions for eukaryotic expression 

of a DNA of interest) . 

Therapeutic gene products and conditions amenable to treatment 
by gene therapy of the inner ear 

2 5 The DNA of interest can be any DNA encoding any gene 

product, e.g., protein, RNA molecule, or other gene product, 
for which therapy is desirable. For example, protein therapy 
(i.e., through intracellular or secretory protein expression) 
is appropriate in treating a subject having an inherited or 

3 0 acquired disease associated with a specific protein 

deficiency. Such protein-deficient states are amenable to 
treatment by replacement therapy, i.e., expression of a 
protein to restore at least normal protein expression levels. 

The DNA of interest can encode proteins involved in 

nearmn loss is associated with dys t unct icna I hair cel^s or 
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loss of hair cells, it may be desirable to "genetically 
download" the differentiated hair cells to an undifferentiated 
state, then transform the de-differentiated hair cells with 
nucleotide sequences encoding gene product to facilitate the 
5 re-dif f erentiation of the de-differentiated hair cells into 
functional hair cells, or to facilitate the development of 
functional hair cells from hair cell precursor cr hair stem 
cells. Such application of the methodology of the invention 
can be useful where hearing loss is due at least in part to 
10 stereocilia retraction and scarring of the tectorial plate 
associated with a region in the cochlea devoid of functional 
hair cells. 

Alternatively, the subject may have or be susceptible 
to a condition that is amenable to treatment by expression or 

15 over-expression of a protein which is either normally present 
in a healthy subject or is foreign to the subject. For 
example, antibiotic or antiviral protein therapy may be 
desired for treatment of a mammalian subject having a viral, 
bacterial, fungal, and/or parasitic infection of the inner 

2C ear, particularly where the infection is chronic, i.e., 

persisting over a relatively long period of time. Autoimmune 
disorders can be treated by expression of an ant i - inflammatory 
agent, cytokine, anti -ant ibody or fragment thereof, or other 
gene product (s> that can be useful in treating such disorders. 

25 In addition, bone formation in the cochlear following 

meningitis ( osteoneogenesis ) can be treated or prevented by 
expression of gene product that inhibit such bone formation 
processes. Expression of nerve growth factor (NGF) may be 
desired for regeneration of the auditory nerve. Auditory 

30 nerve regeneration is desirable where, for example, hearing 

loss is associated with regression of neurites of the cochlear 
nerve from the spiral organ of Corti in a direction toward the 
cell body of the spiral ganglion (see Fig. 3) . Expression of 
nerve growth factors can facilitate neurite growth toward the 

35 organ of Corti and the auditory nerve cells, or retard 
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Expression of the DNA of interest can result in 
production of a gene product that is either maintained within 
the transformed cell or secreted by the transformed cell to 
achieve the desired effect. For example, structural proteins 
5 will generally be maintained as intracellular components of 
the transformed cell, while gene products that achieve their 
desired effect through antibiotic activity are generally 
secreted into a space or fluid of the inner ear. Gene 
products for which secretion may be desirable include gene 

10 products that affect inner ear fluid osmolanty, fluid 

viscosity; promote contractility, affect fluid pH, act as 
anti -inflammatory agents, and/or affect ion channels (p .a , 
sodium, potassium and/or calcium ion channels) . 

The DNA of interest is preferably obtained from a 

15 source of the same species as the subject to be treated (e.g. 
human to human) , but this is not an absolute requirement . DNA 
obtained from a species different from the subject can also be 
used, particularly where the amino acid sequences of the 
proteins are highly conserved and the xenogeneic protein is 

20 not highly immunogenic so as to elicit a significant, 

undesirable antibody response against the protein in the host. 

Exemplary, preferred DNAs of interest include DNA 
encoding nerve growth factors, (e.g., NGF , BDNF, NT-3, NT4/5, 
p70) structural proteins (e.g., actin, myosin, dystrophin, 

25 dystrophin-related protein (DRP) , MERLIN, and neurof ibronin) , 
electrolyte channels (e.g., for the potassium, calcium and 
sodium ions), mechanotransduct ion proteins water channels, and 
transcription factors (e.g., homeobox and paxeal transcription 
factors) . Preferably, the subject is a human subject and the 

30 DNA expressed encodes a human protein (e.g., human nerve 

growth factor) . Table 1 provides a list of exemplary proteins 
and protein classes which can be delivered by the inner ear 
gene therapy of the invention. 
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Table 1. Exemplary Gene Products, Proteins and Protein 
Classes for Delivery by Gene Therapy to the Inner Ear 



Protein or Other 
Gene Product Class 


Exemplary Proteins or Gene Products 


Nerve growth factors 


Nerve growth factor (NGF) 
Neurotrophin- 3 

Brain-derived neurotrophin factor 

p70 

NT4 /5 


Structural proteins 


Dystrophin 

uystrophin-related protein 

Myosins 

Actin 

MERLIN 

Neurcf ibronin 


Ion Channels 


Sodium channel 
Potassium channel 
Calcium channel 


Cytokines/ 

Imrounoregulatory 

Protein 


Interleukins 
TGF-a, TGF-0 
GMCSF 


Transcription 
Factors 


Homeobox proteins 
PAX proteins 
POU3F4 



Various disease conditions are amenable to treatment 
using the inner ear gene therapy of the invention. One 
15 skilled in the art can recognize the appropriate gene product 
(e.g., polypeptide or RNA) that should be produced for the 
treatment of specific disease conditions. A list of 
diseases and conditions associated with hearing loss 
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10 



15 



reviewed in Mhatre and Lalwaiu, 1996, "Molecular Genetics of 
Deafness," Update on Otology and Neurology, Part II, 
Otolaryngol Clinic North Am. 29: 421-35, incorporated herein 
by reference with respect to description of the genetics of 
hearing impairment. Exemplary diseases amenable to treatment 
using the Bubject invention, and exemplary, appropriate 
proteins which can be used in treating these diseases, are 
shown in Table 3. 

Table 2. Diseases Amenable to Treatment Using the Methodology of the 
1 nvent ion 

AD- autosomal dominant AR-autosomal recessive 

RP«retinit is pigmentosa XLD=X - 1 inked dominant 

XLR=X- linked recessive INHER . -Inheritance LINK .= Linkage 

I . Hereditary Syndromic Hearing Impairment 



DISORDER 


PATHOLOCT 


iivn. 


LINT. 


asri 


FROTIIN 




Albinism 
Deafness 

Svn drome 
(AD FN) 


congenital 
deafness, 
pa c chy hypo 
and hyper 
pigmentation 


XLF 


Xg26 . 3 






Shiloh et 
al. 1990 
Am. J . 
hum . 
Genet . 

47 :20- 2 n 


Alport * s 
Syndrome 


nephritis , 
ocular 

abnormalities 


XLH 
AR 


Xq22 

2q35- 
q37 


COL4AS 
COL4A4 


col lagen 
subui t 


Barker et 
al . , 
199C , 
Science , 
248:1224- 
1227 






AR 


2qlS- 
Q37 


COL4A3 




Mochizuki 
et a]., 
1994 , 
Nat. 
Genet . , 
8 : 77-81 

Lem»in< 

et al . , 

1994 , 

3 : 1269- 
1273 


Branchio - Oto - 
Renal 
Syndrome 
(BOR) 


branchial 
remnants, ear 
abnormalit ies 


AD 


8ql2 
ql4 






Kumar et 
al . , 
1992 , 
Hum. MdI . 
C«net , 
1:491 -495 


Cockayne 
Syndrome 


cachetic 
dwarfism, 
premature 
aging 


AR 


2q2I 


KRCC 


DNA 

helicaae 


Weoda et 

al. , 
1990, 
CelJ , 

62 : 777 
791 


1 _ ... . 















20 
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DXSOKDSX 


rXTVOLOOT 




LINK. 


am 




RsriMmcr 


5 


Charcot-Marie 
Tooth 

(CMT) disease 
CMT1A 

CMT1B 

CKT4A 

CMT-X 


peripheral 
neuropathy, 
cerebellar 
degeneratior. 


AD 

AD 

A-R 
XLD 


17pll. 2 

1Q22 

6ql3- 
q21 .1 

Xqll- 
q2l 


PMP-22 
MPZ 


myelin 
protein 


Valenti -n 
et al . , 
1992 , 
Wat . 
Genet . , 
2 ; 268 291 

Su et 

al. , 
1993, 
Proc . 
Natl . 
Acad. 
Sci . USA , 
90 : 10BS6 
10860 

Ben 

Othmane 
et al . , 
1993, 
himv . Mol . 
Genet . 
2 : 1625- 
1628 

Le Guern 
et al . 
1994, 

Neuromusc 
ul 

Di fiord . , 
4 :463-464 




Hunter 
Syndrome 


accumulation 
of 

mucopolyaacch 
arides in 
brain and 
other tissues 


XLR 


Xq28 


IDS 


lysoeoma 1 
enzyme 


Palmier! 
et al , 
1992, 
Genctaucs, 

12:52-57 


1 0 


Hurler 
Syndrome 


accumulation 
of 

mucopolyaacch 
aridee in 
brain and 
other tissues 


AR 


4pl6 . 3 


IDUA 


lysosomal 
enzyme 


Scott et 

al . . 

1992, 

Hum . 

Mutat. 

1 -103-106 




Neurcf ibromat 
oflis type 2 
(MF2) 


bilateral 

acoustic 

neuromas 


AD 


22q 


NF2 


MERLIN a 

trans- 
membrane 
protean 


K OU 1 CflU 

et al . , 
1993 , 
Nature, 
363 : 515- 
521 


15 


Norrie ' a 
Disease 


congenital 
blindnesa, 

cognitive 
defects 


XLR 


Xpll . 3 


ND gene 


IfD 

protein 

(KDP ) 


Bergei et 

al . , 
1992 , 
Nat. 
Genet . . 

2 84 
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CXtORSCX 




INTO . 


LIKE 




pwonxN 




Osteogenesis 


priwary 


AD 


7q2 1 3 


C0L1 A2 


col 1 a gen 


Myers et 


<i niL^ ox x> c ^ w «t 


ri«f#et of 










al 




connective 










1985, Ann 




tiaeue and 










NY Acad. 




bone 










Sci . , 








I 7q2 . 3 


C0L1 Al 


















ADC 

4 o b 












r 1 1 Vii i r\ 4 f 
















Pope e t 














oi . , 














1 9 B 5 , J . 














Med 














Genet . , 














22:466- 














i - o 
• / c 


Pi 6133 .1 Q 1 STT1 


11 a A X dl 1LJ bJViil 


AD 


-> 


JCIT 


insist/ steni 


Giebel et 




hypop i ytften t a t 








Cel 1 


A 1 . , 




ion 








growth 


1 591 . 












t ac t o r 


Pxoc . 












receptor 


Natl - 














Acad. 














Sci . USA , 














o o : oo?fe- 
















St i ck.1 e r 


mi j. a 


AD 


12ql 2 - 


C0L2 A I 


col 1 agen 


Weaver et 




o i"\fi »"k rl \y "1 npn 1 n ti 








S» UUUi i JL L 


al 




yseai 










1989, 




dyspl o 613, 










Cytogcne z 




osteoart hi i t i 










Cel 1 




s , and tnyopia 






COL* 1 1 A2 




Genet . , 








6 p2 1 3 




cc x i a^en 


51 : 1103 












s UD Ul) JL L 
















vikkula 














et al . , 














1995, 














Cell, 














80 :43l- 














437 


Treacher- 


craniofacial 


AD 


5g31 3 






Dixon et 


Coilins 


anomalies 










al . , 


Syndrome 












1992 , 














Hunt. Mol . 














Genet . . 














1 : 249 253 
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DXSOKDCR 




IHB1R 


LIin l-' 


Cwni 


protein 


Mrxuxci 


Usher ' B 


congenita I 












8ynd roTrve 


deafness , 












t VDf I 


vestibular 












I severe) 


dysfunction 




14q 






Kaplan ct 




and RP before 










al . 


la 


puberty 










1991. 


lb 












Cytogenet 


I c 


























Genet . , 


type i.i 






1 lQl J 


my (j u 1 1; 




bo ; 1 9 8 8 (A 




moderate tc 










2 74 4 6 1 


Ila 


aevere 












lib 


congen 1 1 al 


















1 1r,1 ■) 
1 ipi J 


VI IA 






type III 


RP in late 










Weil et 




teens 










a 1 . , 














1995, 














Nature , 














3 "?4 , 6 C - 6 1 








l(j4 1 




















Smith et 








1 iniced 






al . , 














19S2 , 














Genomi cs , 














14 r 99 S 














1 0 02 




























Kirrijer 1 in 














g et al . , 














1990 , 














Genomics , 














7 : 245 • 249 














Sanki la 














et al. , 














1994, Am. 














J . Hum . 














Gen t . , 
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Wardenburg' s 
type I 



type II 



type III 



pigmentary 
Abnormal it it b 

with dystopia 

canthorum 
canthorum 



without 
dystopia 

canthorum 



with dystopia 
canthorum and 
limb 



AD 



2q37 



PAX 3 



3pl4 1- 
p!2 . 3 



2a37 



MITF 



PAX3 



transcnp 

tion 

factor 



t ranacri p 
t ion 
factor 



transcrip 
t ion 
factor 



Baldwin 
et al . , 
1992, 
Nature , 
3 5 5.637 
63 8, 

Tassabeh j 
i et al . , 
1992 , 
Nature , 
355;63S- 
636 



Tassabeh j 

i et al . , 
1 5 9 »* 

Wat . 
Gene i . , 
8 : 251 -2SS 



Hoth et 
al . , 

1993, Am. 
J. Hun. 
Genet . , 
52:455 
462 



DISORDER 



PATHOLOGY 



IHMR 



LIKK . 



PROTEIN 



REFERENCE 



DFN1 



progressive deafness 



XLR 



Xg2i- 
q22 



Tr anebjaerg 
et al . , 
1992, Am. 

J . Hum . 
Genet . , 

5 1 I SUppl ) : A 
47 



congenital deafness 



XLR 



Reardon ct 
al , 1994, 
Nat. 
Gene c . , 
8 : 98-103 



DFK3 



Stapes fixation with 
perilyphatic gusher. 

progressive mixed 
deafness 



XLR 



Xq21 . 1 



POU3 F4 



tranacr 
op- 
tion 
factor 



de Kok e: 
al . , 1995, 
Science, 
267 ;685 -688 



congenital dea f ness 



XLD 



Xp21 . 2 



Lalwani et 
al . , 1994, 
Am. J. Hum. 
Genet, 

-685-69$ 



ear ly onset (age 1 0 ) 

low 



AD 



Sq31 



Leon et 
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5 



DISORDER 






PATHOLOGY 


INKER. 


LINK. 


QEHE 


PROTEIN 


REFERENCE 


DFNA2 


early onset, high 
frequency hearing 
loss , Indonesian 

f ami 1 \> 


AD 


Ip31 
32 






Coucke et 
al.. 1994, 

%f Pnn 3 T 
*» • E-ZIQ -1 . J . 

Med. , 

331 -425-431 


DFNA3 


early onset, high 
frequency hearing 
loss, French family 


AD 


13ql2 






Chaib et 

al ■ , 1994 , 
Hujti . Wo J 
Cenet , 

3 :2219- 2222 


DFNA4 


progressive hearing 
Iocs that begins in 
the second decade, 
American family 


AD 


19ql3 






Chen et 
al., 199b, 
Hum, tool 
Gen tt , , 


DFNA5 


early onset hearing 
loss, Dutch family 


AD 








4 : 1073 - 1 076 

Valentin 

al . , 1992 

fiat. 

Genet . , 

.2 =286-291 


DFNA6 


progressive low 
frequency Iiearing 
loss, American 
(southeast) family 


AJD 


4pIS . 3 






Lesperance 
et al , 
19 95, Hum. 
MoJ . 
Genet . , 
4 ; 1967- 1972 


DFKA7 


progressive high 
frequency hearing 
loss, Norweigen 
fami ly 


AD 


lq21- 






Traneb] aerg 
et al . , 
199S, The 
Mol eculaz 
Biology of 
Hearing and 
Deafness 
Bethesda, 
MD. October 
6-8 


DPNAB 


moderate to severe 
hearing loss, 
Austrian family 


AJD 


15ql5- 
q21 






Kirshhot er 
et al . . 
1995, The 
Molecular 
Biology of 
Hearing and 
Deafness , 
Bethesda . 
MD, October 
6- 8 , 1 996 


DF1JA9 




AD 


14ql2- 
q!3 






Manolis et 
si , 19 96 
Mum . Hoi . 
Geoet 


DFNA10 




AD 


6q22 
q2 3 






O'Neill et 
al . , 1996 
Hum. Mol 


DFNB1 
(NSRD1 ■ 


congenital deafness 
Northern Tunisian 
family 


AR 


13ql2 






Guilford et 
al . , 1 994 
War . 
Cenet . 

6 -24 2 P 1 
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DISORDER 


PATHOLOGY 


INKER . 


LINK . 




rRUTEIN 


KKFKKtriLA |j 


DFXB3 


congenital deafness, 
Indonesian family 


AR 


17p- 
17ql2 






Friedman et 1 

al . , 1995, I 
Nat . 
Genet . , 
9 : 86-92 


DFNB4 


congenital deafness 


AR 


7q3 1 






Baldwin et 

al , 199S 
Hutu. Moj 
Genet . , 
4 : 1637-1641 


DPNB5 


consanguineouB 
nuclear families 
from India with 
congenital hearing 
loss 


AR 


14ql2 






Fukushima 
et al . , 
1995. 
Genome 
Research. 
in press 


DFNB6 


(as above) 


AR 


3p21 ■ 
pi 4 






Fukushima 
et al . , 
1995, Hum. 
MoJ . 
Genet . , 
4 : 1643 16 4 8 


DPNB7 


(as above) 


AR 


9gl3- 
q21 






Jam et 

al., 299? 
Hujt. Mol . , 
Ger.et . , 
4 ; 2391 - 23 94 


DFNB8 




AR 


21q22 






Veake et 

al., 1996, 
Hujtk Mol . 
Genet . . 
5 ; 165-168 


pending 




AR 


2p22- 
P2 3 






Chaib et 

ai., 19 96, 
Hum . Mol . 
Genet . . 
5 : 155-158 



III . 



Mitochondrial Inheritance 

" I B 



DISORD BR 



PATHOLOGY 



IKHKR. 



LIKX- 



REFERENCE 



Aminoglycoside 

induced 

deafness 



susceptibility to 
aminoglycoside 



12S rRUA 


Prezant et 




al . , 1993 , 


A- >G 


Nat. 


(base 


Genet. , 


1555 ) 


4 : 289-294 


10.4 kb 


Bal linger 


deletion 


et al . . 




19 92, Nat. 


tRKA^ 


Genet. . 




1 : 11 -15 




van der. 




Ouweland 




et al . 



Diabetes 
raeilitus and 
hearing loss 



diabetes and 

progressive 

deafness 



mito 
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A tRNA-Ser {UOJ> 


hearing loss of 
varying oeverity 






T7445C 


Reid et 
al , 1994 
Hum . 

Mutat. 3: 
243 7 


tRNA-Ser (UCN) 


hearing loss, 
ataxia and 
myoclonus 






7472msC 


Tirant: et 
al , 1995 
Hluti . Hoi . 
Genet . 
4 ; 2159-63 



Other ConditionB or Diseases Amenable to Treatment Using the 
Methodology of the Invention 



General Category of 


Specific Diseaue/Conditionfl 


Condition/Disease 




DisnrHpTR of t- he acoustic 
(vestibular) nerve (cranial 
nerve Ml I i ) 


Brain stem iesicn 
Acoustic neuroma 
Schwannomas 
Vestibular neuronitis 


Inherited neuropathies 


Ref sum's disease (HMSN type IV) 


Sensorineural loss accompanying 
aging 


Presbycusis 


Infections 


viral infections (e.g., CMV, 
mumps ) 

bacterial infections {e.g., 
meningococcal meningitis, 
meningitis caused by Hemophilus 
influenzae or Streptococcus 
pneumoniae, syphilis) 
Lassa fever 


Osmotic disorders 


Hydrops 


Vestibular disorders 


Meniere's disease 
Vertigo 


Autoimmune disorders 


Cogan's Syndrome 
autoimmune hearing loss 
system lupus erythmatosa (SLE) 
rheumatoid arthritis 


Environmental exposure 


noise 

radiation therapy 
trauma 
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General Cateaorv of 


Specific Disease/Condition* 


Condi tion/Dieeaee 




Ototoxic pharmaceuticals 


aminoglycoside antibiotics 

streptomycin 

gentamicin 

netilmicin 

neomycin 

kanamycin 

amikacin 

tobramycin 
ceftriaxone 

ci splat in {chemotherapy) 
deferoxamine {treatment of iron 
overload ) 

ethacrynic acid (loop diuretic) 


Cerebrovascular diseases 


arterial occlusion of the 
interna] auditory artery 


Etiology unknown 


Meniere's disease 



Table 3 . Exemplary Diseases Amenable to Treatment 

5 by Gene Therapy of the Inner Ear and Exemplary Therapeutic Gene 
Products for Treatment 



Disease or 

Condition 


Exemplary Therapeutic Gene Products for 
Treatment of the Disease or Condition 


Auditory nerve 
degeneration 


Nerve growth factor (NGF ) 
Neurotrophic 3 (NT-3 ) 

Brain-derived neurotrophic factor (BDNF) 

NT4/5 

p7 0 


Defects in hair 
cell 

differentiation 




Damaged hair cells 


Factors for hair cell regeneration??? 
Retinoic acid 


Cochlear 
Implantation 


Factors that enhance neurite growth (e.g., 
NGF , neurotrophic 3 , BDNF, NT4/5, p70) 



Of particular interest is the use of the invention to 
treat or prevent hearing loss associated with exposure to 
ototoxic pharmaceuticals (e g., through the expression of 
20 nerve growth factors (e.g., NGF, BDNF , NT 4/5, and p70)) 

and to treat or prevent other conditions associated with 
auditory nerve deaenerat i on damans 
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and/or have been described in the scientific literature. 
Table 4 provides a list of exemplary gene products and their 
corresponding Genbank accession numbers. 



Table 4. Exemplary Gene Products for Expression in The Inner 
5 Ear 



I . Transcription Factors 



Gene Product 


Qenbank 
Accession 

NO . 


riLirnciii rruvrdM ioi LicuiaLi lptiuu laCCOr , JjIjXI 




like sequence 


Ml CI 1 1 

ui y 1 i i 


Human G17 gene 


X80700 


Human engrailed protein ( EN2 ) gene, 5' 
end 


HUMEN2AO 


Human HOX Al=class I homeobox {fragment 
M3 , homeodomain} 


S69C25 


Human HOX B6=class I homeobox (fragment 
M2 , homeodomain} 


S69C23 


Human HPX-153 homeobox (mRNA) 


X76978 


Human HPX-6 (mRNA) 


X74863 


Human Brain 4 (mRNA) 


X82324 


Human PAX3B=transcript i on factor 


S69370 


Human PAX3A= transcript ion factor 


S69369 


II . Ion Channels 


Gene Product 


Genbank 

Accession 

No. 


Human voltage -gated chloride ion channel 
CLCN5 


X91906 


Human delayed rectifier potassium channel 
(Isk) gene 


L33815 


Human potassium channel protein (HPCN3) 
aene 

H Humar, r::ass:;r; .:r:^:m?- .-r^r: ' ^KNA 


M55515 

_ ' 1! 
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Gene Product 


Genbank 

Accession 

No. 


Human gamma subunit of epithelial 
arniloride-eensitive sodium channel (mRNA) 


X87160 


Human beta subunit of epithelial 
amiloride-sensitive sodium channel 


X87159 


III. Structural Proteins 




Gene Product 


Genbank 

Accession 

No. 


zd72b06.rl Soares fetal heart NbHHl 9W 
Huraan cDNA clone 346163 5' similar to 
gb:X13 83 9 ACTlh , AORTIC SMOOTH MUSCLE 
(HUMAN) 


W78033 


ma39b!2.rl Soares mouse p3NMF19.5 Mus 
musculus cDNA clone 313055 5' similar to 
gb: JO 006 8 ACT IN , ALPHA SKELETAL MUSCLE 
(HUMAN) 


W10590 


Human nonmuscle myosin heavy chain-A 
(MYH9) (mRNA) 


M69180 


Human beta-actin (mRNA) 


X00351 


Mouse dystrophin (mRNA) 


M68859 


Human dystrophin-related protein 2 (DRP2) 
(mRNA) 


U4 3 519 


yv71a07.rl Human cDNA clone 248148 5' 
Similar to gb:M18533 DYSTROPHIN (HUMAN) 


N78018 


Human (YAC 3' -19) DMD gene for dystrophin 


X75580 


Human (YAC 5' -5) DMD gene for dystrophin 


X75801 


Human cdna clone n&owLKi/D j 


uc/ q 0 1 

n j t 0 0 x 


Human cDNA clone 44648 5' similar to 
gb:X05608 cdsl NEUROFILAMENT TRIPLET L 
PROTEIN (HUMAN) 


h06940 


Human myosin VI IA (USH1B) (mRNA) 


U39226 


Mus musculus unconventional myosin VI 
J] (sv) (mRNA) 


U49739 
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example, Sambrook et al . , ibid; Suggs et al. ( Proc . Natl. 
Acad. Sci. USA 78:6613-6617, 1981; USPN 4,394,443; each of 
which are incorporated herein by reference with respect to 
identification and isolation of DNA encoding a protein of 
5 interest) . For example, genomic or cDNA clones encoding a 
specific protein can be isolated from genomic or cDNA 
libraries using hybridization probes designed on the basis of 
the nucleotide or amino acid sequences for the desired gene. 
The probes can be constructed by chemical synthesis or by 

10 polymerase chain reaction (PCR) using primers based upon 

sequence data to amplify DNA fragments from pools or libraries 
(tJSPNfi 4..fifl3,i95 and 4,683,202). Nucleotide substitutions, 
deletions, additions, and the like can also be incorporated 
into the polynucleotides, so long as the ability of the 

15 polynucleotide to hybridize is not substantially disrupted. 
(Sambrook et al . ibid). The clones may be expressed or the 
DNA of interest can be excised or synthesized for use in other 
constructs. If desired, the DNA of interest can be sequenced 
using methods well known in the art . 

2 0 Transformation and Adminietrat lop 

In general, transformation is accomplished by 
introducing the nucleotide sequence of interest {e.g., the DNA 
of interest contained in a construct that is formulated in a 
chemical vector solution or as a viral vector) directly into 

2 5 the inner ear, and may be inserted into or near the desired 
inner ear structure or cell (e.g., directly into the cochlear 
or vestibular structure) . Introduction of the DNA of interest 
can be accomplished by any means, generally by injection or 
infusion. In a preferred embodiment, the DNA of interest is 

30 delivered to the inner ear in vivo by infusion, preferably 
using an osmotic minipump. Implantation of an osmotic 
minipump and its use in the delivery of pharmacologic agents 
to the brain, kidney, and guinea pig cochlea have been 
described (Schindler et al . , 1977 Arch. Otolaryngol, 103 : 691- 



Otology, Schmdier et di. , 1955 Am. J. Otoiogv 



WO 98/00014 



PCTYUS97/11602 



- 33 - 

1^:304-309; and Shah et al . , 1995 Am. J. Otology, 16:310-314, 
each of which are incorporated herein by reference with 
respect to the description of the implantation and use of such 
osmotic minipumps) . An exemplary osmotic minipump is shown in 
5 Fig. 7. 

Introduction of the DMA of interest into the inner ear 
car be accomplished delivery through the round or oval window 
of the inner ear. Where the cells to be transformed are cells 
of the cochlea or cochlear structures, it may be preferable to 

1C introduce the DMA of interest into the inner ear through the 
round window. Where the cells to be transformed are 
vestibular cells, or where the subject is undergoing stapes- 
related surgery, it may be preferable to introduce the DNA 
into the inner ear via the oval window. 

15 Alternatively, cochlear cells can be transformed in 

vitro, and the transformed cochlear cells subsequently 
implanted into the subject's cochlea. Isolation, maintenance, 
and implantation of cochlear cells are well known in the art. 

The form of the preparation for transformation of the 

20 inner ear cells will depend upon several factors such as the 
cochlear cell targeted for gene transfer and whether a 
biological or nonbiological vector is employed. The vector 
solution can also contain therapeutic compounds (e.g, nerve 
growth factors, anti- inflammatory agents, antibiotic agents) 

25 in addition to the DNA of interest, as well as compounds to 
adjust, for example, the pH, osmolarity, and/or viscosity of 
the vector solution. The preparation can additionally contain 
compounds that facilitate entry of the nucleic acid of 
interest into the inner ear cells such as lipofectin, 

30 permeabil ity- enhancing agents (e.g., detergents), or other 

transformation-enhancing agents. Where the vector is a viral 
vector, the preparation can also include a co- infecting virus 
to facilitate infection and transformation. Where the DNA of 
interest is administered in a recombinant viral vector, e.g., 

35 an AAV vector, the vector solution is preferably normal 

n -5 n i r r - 

: actor-.' ^eluding tne s us cep* ^ 1 1 y ci the inner ear ceils to 
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transformation, sub ject -dependent variables such as age, 
weight, sensitivity or responsiveness to therapy, 
susceptibility of targeted inner ear cells to transformation, 
the levels of protein expression desired, and the condition to 

5 be treated. For example, where a recombinant AAV vector is 
used, the total delivered viral dosage can be in the range of 
1 virus per B cochlear cells, preferably 1 virus per 10 
cochlear cells, more preferably 1 virus per 20 cochlear cells 
or less. Generally, the amounts of DNA for transformation of 

0 human inner ear cells can be extrapolated from the amounts of 
DNA effective for gene therapy in an animal model. For 

t w-»» ^.i*^ j-mi'-i. v-ui ^cn o u i_ a 

guinea pig was accomplished using 10 s particles of AAV 
containing the DNA of interest at an moi (multiplicity of 

5 infection) of approximately 1:20 (1 viral particle per 20 
cochlear cells) . 

The amount of DNA and/or viral particles necessary to 
accomplish transformation of inner ear cells will decrease 
with an increase in the efficiency of the transformation 

0 method used. In general, the amount of DNA and/or the number 
of infectious viral particles is an amount effective to infect 
the targeted inner ear cells or structure, transform a 
sufficient number of inner ear cells, and provide for 
expression of desired or therapeutic levels of the protein or 

5 other gene product. Where transformation is transient (e.g., 
the DNA of interest is maintained for some period as an 
extrachromosomal element) , the time period over which 
expression is desired may also be taken into consideration. 
The desired number of copies (e.g., copy number) of the DNA of 

0 interest in the cell may additionally be taken into account in 
determining the amount of DNA and/or number of viral particles 
to be delivered to the subject, and such may be adjusted as 
desired to, for example, achieve varying levels of gene 
product expression. 

S Transformation can be accomplished such that 

, v - ■ - : - r > r#av . * > : - ....... 



extrachromosomal. element ie.c. : as wizh AAV ve::ors 
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expression of the gene product is generally transient. 
Inducible expression can be achieved so that expression of the 
gene product of interest is induced only in the presence of 
some signal that is, for example, specific to a certain type 
5 of cell of the inner ear (e.g., is only expressed in cochlear 
cells or a specific type of cochlear cell due to the presence 
of a cell -specif :c or tissue-specific transcription factor in 
the transformed cell). Alternatively, gene product can be 
inducible by the presence of an extracellular factor that can 

10 be introduced at the same time as the transforming vector 

solution is introduced into the inner ear, and/or subsequent 
to inner ear cell transformation. Stable expression of the 
gene product can be achieved by, for example, introduction of 
the DNA of interest in a vector to provide for stable genomic 

15 integration into the inner ear cell and expression of the gene 
product from the DNA of interest via a constitutive promoter. 

Where expression of the gene product of interest is 
transient, expression can be maintained in the inner ear cell 
for a period ranging from several days to several months or 

2 0 years, e.g., for 6 months to 1 year, for 4 months to 6 months, 

for 2 weeks to 8 weeks, or for as little as one week or a few 
days (e.g., 3 to 5 days, or 1 to 3 days). Transient 
expression of the gene product of interest may be desirable 
where the subject is being exposed to the therapeutic regimen 
25 for the first time (e.g., where it is desirable to monitor the 
responsiveness and/or sensitivity of the subject) , or where 
expression is desired only over a specific period (e.g., for a 
period after cochlear implantation without permanent 
expression, cr for a period during a specific stage of 

3 0 development) . The period of transient expression can be 

adjusted by , for example, adjusting the transformation 
protocol to achieve a desired number of transformed cells or, 
where a viral vector is used, by adjusting aspects of the 
vector associated with maintenance in a cell (e.g., 

...... ... .. ^ ... ~ alia, ,. .... ; .: *:: ... ... ^ . 

y ira. particles required can be readily aererrr.inec cased ;.por. 
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such factors as the levels of protein expression achieved in 
cell lines in vitro, and the susceptibility of the inner ear 
cells to transformation. 

Identification of Subjects for Inner Ear Gene Therapy 

Any patient having a sensorineural or mixed hearing 
loss and/or vestibular dysfunction can be treated according to 
the method of the invention. The type of hearing loss 
suffered by the candidate individuals can be determined using 
various methods well known in the art such as pure tone air- 
and b one - conduct ion audiometry, impedance (or immittance) 
batteries, and speech audiometry. In measuring hearing, 
stimuli are presented to the ear through air conduction (i.e., 
by earphones) or through bone conduction, in which a vibrazor 
is placed on portions of the skull. A pure tone air- 
conduction test measures hearing impairment in the outer, 
middle, and inner ear, whereas bone conduction conducts sound 
directly to the inner ear. Those individuals having a hearing 
less associated with the inner ear (e.g., a sensorineural or 
mixed hearing loss) are amenable to the method of treatment 
according to the invention. 

A pure tone audiometer can be used to determining the 
degree and type of hearing loss and produces an audiogram that 
measures hearing sensitivity as a function of frequency. 
Simple and reliable screening can be accomplished using a 
hand-held Welch Allyn audioscope, an otoscope with a special 
attachment that delivers a 40 dB tone at frequencies form 500 
to 4,000 Hz. When compared with pure tone audiometry, this 
simple test has a 91 to 97 percent sensitivity and 69 to 
85 percent specificity. The range from -10 dB to 25 a& on the 
audiogram is considered within normal limits. A greater than 
25 dB loss constitutes a hearing impairment. A 25 dB loss is 
a mild impairment, a 40 dB Iobb is a moderate impairment, and 
a 70 dB loss is a severe impairment. 

Impedance (or immittance) measurements evaluate the 
intecrity and performance of rh^ ~o>— ^v^>-.- ^..j.^,. . ( . 
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function available. Impedance evaluation is useful in 
distinguishing ossicular-chain discontinuity from 
otosclerosis . 

Speech audiometry measure overall hearing performance 

5 for functional speech stimuli. Two aspects of auditory 

performance are assessed; speech reaction threshold (SRT) and 
speech discrimination. The SRT is the level at which the 
patient recognizes two-syllable spondaic words, which have 
equal stress on both syllables, 50 percent of the time. 

C Speech discrimination measures the subject's ability to 

understand speech presented at 30 to 40 dB above the patient's 
SRT. For example, subiects with presbycusis lose the ability 
to differentiate consonants, in part because these sounds are 
usually of a higher frequency. Thus, speech discrimination 

5 deteriorates. The patient is scored according to the 
percentage of speech understood (e.g.; 50 percent speech 
discrimination indicates that the patient understands 
50 percent of speech heard) . If difficulty in speech 
discrimination is suspected, audiological testing is 

C recommended. Questioning the patient about he ability to 
understand speech may aid in identifying discrimination 
dif f lcuity . 

In addition, subjects having tinnitus, commonly 
described as a ringing in the ears, may also be amenable to 

5 treatment using the method of the invention. Tinnitus is a 
form of hearing impairment that occurs in 10 to 3 7 percent of 
the elderly population and can result from any disease or 
injury that affects the auditory system. All ototoxic effects 
are signaled by tinnitus, but this condition may also result 

0 from impairment of any part of the auditory pathway and have a 
vascular, muscular, or hormonal origin. 

In general, the method of the invention can be used to 
treat sensorineural and mixed hearing losses associated with 
exposure to ototoxic agents, genetic defects associated with 

5 defects m the structures and components of the inner ear 
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saccule), vestibular disorders, inheritable hearing loss, 
infectious disease (e.g, mumps), cancerous growths, exposure 
to noise levels of greater than 85 to 90 dBA (decibels to the 
a scale, which approximates response of the human ear) for 
more than 8 hr intervals, exposure to hazardous materials 
associated with decrements of audiovisual performance, and/cr 
hearing losses and vestibular disorders associated with age. 

In addition, individuals who are at risk of developing 
a hearing loss may be treated according to the method of the 
invention prior to the actual onset of hearing loss. For 
example, the method of the invention can be used as a 
preventive or prophylactic measure to avoid, prevent, or 
reduce sensorineural and/or mixed hearing loss in individuals 
who are or will be receiving therapy with ototoxic agents, 
have a genetic defect associated with hearing loss or the 
development of hearing loss, have a family history of 
heritable hearing loss, have cr are susceptible to a 
infectious disease [e.g., mumps) or tumorous growth associated 
with hearing loss, are exposed to or have been exposed to 
noise level of greater than 85 to 90 dBA (decibels to the a 
scale, which approximates response of the human ear) for more 
than 8 hr intervals, are exposed to hazardous materials 
associated with decrements of audiovisual performance; and/or 
exhibit early signs of hearing loss associated with age. 

The methodology of the invention can also be used i n 
conjunction with cochlear implantation. Methods for cochlear 
implantation are known in the art (see, for example, Schindler 
et al. 1977 Arch. Otolaryngol. 102:691-699; Schindler et al . 
1993 A.J.O. 14:263-272; Souliere et al . 1994 Otolaryngol. 
Clin, North. Air,. 2_7;53 3 - 536; Parkin et a.. 1994 E.N. T . J. 
7_3 : 156 - 158 ) . For example, an osmotic minipump can be put in 
place at the time of cochlear implantation to provide for 
infusion of nerve growth factor and/or infusion of a 
transforming vector that encodes a nerve growth factor (e.g., 
NGF, NT-3, BDNF , NT4/5, p70, etc.) to facilitate the success 
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In addition, the methods and compositions of the 
invention can be used to provide transgenic animal models 
useful as models of human hearing , development of inner ear 
structures {e.g., cochlear and/or vestibular development); 
5 and/or hearing conditions or disorders. For example, the 
methods of the invention can be used to transform inner ear 
cells of a ncnhuman subject, e.g., a mouse, primate, chick, 
chick embryo, guinea pig, frog, bullfrog, or other animal 
useful as a model of hearing. The methods of the invention 

10 can be applied to transform the inner ear cells of animals 
presently accepted as models for hearing. Such conventional 
animal models for hearing are described in, for example, 
Davies et al . 1994 Am. J. Otology 15:757-761; Leake-Jones et 
al. 1982 Hear Res. 8:225-246; Leake et al . 1988 Hear Res. 

15 33_:ll-34; Avraham et al . 1995 Nature Genet 11:369-375; and 
Gibson et al . 1995 Nature 374 : 62-64 , each of which is 
incorporated by reference with respect to description of art- 
accepted animal models of hearing and hearing disorders. 

Assessment of Therapy 

20 The ability of the transformed inner ear cells to 

express the DNA cf interest can be assessed by various methods 
known in the art. For example, therapy can be assessed using 
the conventional basic audiological evaluation composed of 
pure tone air- and bone - conduction audiometry, the impedance 

25 battery, and speech audiometry as described above to identify 
subjects amenable to treatment using the method of the 
invention. Prevention of hearing less, or stabilisation or an 
improvement in auditory acuity after treatment (relative to 
auditory acuity before treatment) is indicative of a subject's 

30 positive responsiveness to therapy. Auditory acuity can be 
measured by use of an instrument called an audiometer, which 
consists of an earphone connected to an electronic oscillator 
capable of generating pure tones ranging from low to high 
frequencies. Positive responsiveness to therapy can also be 
associated with for exanrl p nreven*" * ~ ^ - ~ - ; 

^r.t .a:.ta::on. 
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Where the therapeutic gene product or other gene 
product of interest is secreted into the endolymph or 
perilymph of the inner ear, successful transformation of inner 
ear cells and expression of the DNA cf interest can also be 
5 assessed by, for example, assaying for the presence cf the 
gene product in the endocochlear fluid. ?or exarr.de , a sample 
of fluid can be obtained from the inner ear, and expression of 
a protein of interest detected by performing an ELISA on the 
sample using an antibody which specifically binds the protein 

10 encoded by the DNA of interest. The ELISA can be performed 
either qualitatively cr quantitatively. The ELISA assay, as 
well as other immunolcqical assavs for Hpt-^c*" -> nc? a orcte^r in 
a sample, are described in Antibodies: a Laboratory Manual 
(1986, Harlow and Lane, ed . s Cold Spring Harbor Laboratory, 

15 Cold Spring Harbor, NY) . 

Alternatively, or in addition, the efficacy of the 
protein therapy can be assessed by testing a sample of fluid 
from the inner ear for an activity associated with the 
therapeutic protein (e.g., an enzymatic activity). For 

2 0 example, where the therapeutic protein has antimicrobial 

activity, the efficacy of therapy can be tested by examining 
the ability of the test sample to inhibit bacterial growth. 
Alternately, the efficacy of inner ear gene therapy can be 
assessed by monitoring the condition of the subject for 

2 5 improvement. 



EXAMPLES 

The following examples are put forth so as to provide 
those of ordinary skill in the art with a complete disclosure 
and description of how to carry out the invention and is net 
3 0 intended to limit the scope of what the inventors regard as 
their invention. Efforts have been made to ensure accuracy 
with respect to numbers used (e.g., amounts, temperatures, 
etc.), but some experimental error and deviation should be 
accounted for. Unless indicated otherwise, parts are parts by 



WO 98/00014 



PCT/US97/11602 



- 41 - 

Example 1: Construction of Recombinan t AAV Vectors 

Constructs for production of recombinant AAV vectors 
were prepared according to methods well known in the art {see, 
e.g., Sambrook et al , 1989, Molecular Cloning: A Laboratory 
5 Manual, 2nd Ed.). Briefly, the commercially available plasmid 
pUCIS ( Yanish-Perron et al . , 1985, Gene 3_2_ : 1 0 3 - 1 9 ) was used as 
a "backbone" for construction. An xSmer NctI linker (New 
England Biolabs cat #1029) was cloned into the Smal site of 
pUC19. This destroys the Smal site, but generates in the 

10 process two SacII sites , one immediately on each side of the 
NotI linker. This vector was designated pN (Notl) . A poly 
a ^ ori vi ylation signal, a 196bp fragment from the SV4Q cienome 
(nucleotides 253 3 -272 9 ), was purified from an SV40 containing 
vector and, following the addition of BamHI linkers, was 

15 cloned into the unique BamHI site within pN . The fragment was 
oriented such that RNA polymerase transcribing from a promoter 
upstream of the Notl site passes through the Notl site and 
into the SV4Q fragment, encountering the SV40 late gene 
polyadenylyation signal (the early gene polyadenylat ion 

20 signals appear in the opposite orientation. This vector was 
designated pNA (Adenylation signal) . 

Two promoters containing DNA fragments were cloned 
into pNA . A 180 bp region of the SV4 0 genome containing late 
viral protein gene 16S/19S splice donor and acceptor signals 

25 {obtained as a Xhol - PstI fragment from pLI (Okayama and 
Berg, 1983, Mol . Ceil Biol. 3.:280-9) was cloned into pNA to 
provide the appropriate RNA splicing signals as needed. This 
vector was designated pNAss (splice site' . 

The promcter-containing DNA fragments were cloned into 

3C pNA or pNAss. These fragments and vectors were all treated 
with T4 DNA polymerase prior to blunt end ligation. The 
herpes simplex thymidine kinase gene promoter was obtained 
from pXII (Boulter and Wagner, 1987, Nucleic Acids Res. 15.: 
7194) as a 925bp Sal - Xhol fragment. The human 

35 cytomegalovirus immediate early gene promoter and enhancer was 

f raament . The 5V40 origin of DNA replication, enhancer and 
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early promoter along with the SV40 late gene 16s/l9s splice 
donor and acceptor sites was obtained as a 525bp Hindi I I - 
PstI from pLI (Okayaraa and Berg, 1983, supra). The adenovirus 
2 major late promoter with a fused tri-partite leader 
5 containing a 5' splice doner signal with a 3' splice accepter 
signal derived from an IgG gene was obtained as a 69bbo Xhcl - 
EcoRI fragment from pS!C23(B> (Wong et al . 1386 J. Virol. 
60.(1) : 149-56) . These vectors were designated pNAss TK 
(Thymidine kinase promoter) , pNAssCMV (CMV promoter) , pNASV 

10 (SV40 promoter) and pNAAd (adenovirus promoter; . The E-coli 
P-gal gene from pC4AUG£-gai (MacGregor et al . , 1987, Somat . 
Cell Mcl. Genet. 11:253-65) was excised as a 3530 bp EccRi - 
Xbal fragment and following the addition of NotI linkers, 
cloned into the unique Notl site of each of the four 

15 expression vectors. These constructions were designated pSV0, 
pCMV(3, pAd/3 and pTK0. Restriction endonuclease siues in 
parenthesis refer to sites lost during cloning. 

An AAV vector for expression of the marker 0- 
galactosidase (pTR-MAP/?) was constructed using procedures 

20 similar to those described above except the Ad 2 major late 
promoter was fused to the late gene 16e/19s splice 
donor/splice acceptor signal of SV40 (SD/SA SV4 0 ) . The final 
plasmid construct contained E . coli £-galactosidase (0-gal) 
gene, driven by a late promoter of Adenovirus 2, flanked at 

25 both sides with wild type AAV terminal repeats (Fig. 6) . The 
construct additionally contains polyadenylat ion signals of the 
SV40 late (pAR) and early (pAe) genes. 

Additional constructs were prepared using similar 
techniques. A recombinant AAV vector for expression of 

3C neurotrophic- j (NT-3) (Fig. 7) and a recombinant AAV vector 
for expression of brain-derived neurotrophin factor (BDNF) 
{Fig. 8) were also constructed using similar techniques and 
substituting the nucleotide sequence encoding NT-3 and BDNF 
for the nucleotide sequence encoding 0-gal. A recombinant AAV 

35 vector encoding nerve growth factor (NGF) can be similarly 
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immediate/early gene promoter were constructed according to 
methods well known in the art. 



Example 2 : Production of Recombinant AAV 

Recombinant AAV for use in transformation of the 
5 cochlea was produced by co- trans fecting 293 cells (human 

embryonic kidney cells, transformed with E1A-E1S region c: Ad; 
with pTR-MAP/5 (see Example 1) and a helper plasmid pIM2 9 
(McCarty 92) carrying wild type AAV genome without terminal 
repeats. The same cells were also infected with Ad5 at a 

10 multiplicity of infection (moil of 10. Recombinant AAV was 
harvested after 60 hr by freeze/ thawing cplls rhrpp rimes, 
centrifuging the lysed cells to remove cell debris, and heat 
inactivating adenovirus helper by incubating the lysate for 1 
hr at 56 C C. The AAV titer was determined in an infectious 

15 center assay according to methods known in the art. Briefly, 
cells in a well of 96-well dish, plated at 75% of confluence, 
were in-infected with varying dilutions of recombinant AAV, 
wild type AAV tmoi 2) , and Ad (moi 20) . Thirty-six hours 
after infection, the cells were resuspended in media, 

20 harvested in phosphate-buffered saline (PBS) , transferred onto 
a nylon filter 47 mm in diameter, and placed in to a 
microanalysis funnel with Frit support. The cells were then 
lysed in situ following a colony lift protocol (Sambrook et 
al., 1989, Molecular Cloning, a Laboratory Manual, 2nd 

25 edition) . The filters were then hybridized to a P-labeled 
lacZ probe, the filters exposed, and cells infected with 
recombinant AAV were scored as small black dots 



Example 2 : Transformation of the Inner Ear in a Guinea Fie 
Model 

30 A total of fourteen adult male Hartley guinea pigs 

weighing between 400 g and 500 g were used to examine the 
ability of AAV to transform cochlear cells; eight guinea pigs 
were infused with recombinant AAV (test animals) , two were 
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manipulation in this species. Guinea pig care was in 
accordance with the guidelines of the Committee on Animal 
Care, University of California, San Francisco. Prior to 
surgery, Alzet osmotic minipumps (model 1007, Alza 
5 Corporation, Palo Alto, California) were prepared by 
connecting PE50 polyethylene tubing ( Intramedi c , Becton 
Dickinson and Company, Parsippany, New Jersey) to the How 
moderator on the pump as previously described (Davies et ai . , 
1994 Am. J. Otology, 15:757-761). The pump was filled with 
10 100 jil PBS containing recombinant adeno-associated virus oTR- 
ML£ (10" viral particles/ml) which contained the bacterial &- 
gal sequence. 

Surgery to implant the osmotic minipumps was performed 
by first anesthetizing the guinea pigs by intramuscular 

15 injection of ket amine (50 mg/kg) and xylazine (9 mg/kg) . The 
tympanic bulla was exposed via a post -auricular incision and 
opened using a 1 mm diamond paste burr to allow visualization 
of the basal turn of the cochlea. A cochieostomy about l mm 
inferior to the round window was fashioned using a 0 . 5 mm 

2C diamond paste burr. The basilar membrane, visible through the 
cochieostomy, allowed confirmation of the correct positioning 
of the cochieostomy. The catheter of the pump was then 
introduced into the basal turn of the cochlea intc the 
perilymphatic space (scala tympani) via the cochieostomy (Fig. 

25 7) . The body of the pump was inserted m a subcutaneous 
pocket and the skin incision closed in layers. 

Example 4: Assessment of Transformation of Cochlear Ceils bv 
Administration of Recombinant AAV 

AAV transfused cochleae were assayed for expression of 
3C the marker gene, /5-galactosidase , via in situ 

immunohistochemistry . Two weeks post - cochieostomy , animals 
were sacrificed by intraperitoneal injection of an overdose of 
sodium phenobarbital (250 mg/kg) and bilateral thoracotomy. 
Temporal bones were harvested from both sides of the head. 



was tnei: removed from the remaining tempoicil bone and immersed 
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in 4.5% paraformaldehyde overnight at 4°c. After complete 
fixation, specimens were decalcified in 0.2 M EDTA/1X PBS/4.5% 
paraformaldehyde for 2-3 weeks with at least three solution 
changes. Following decalcification, the specimens were placed 
5 in C - 9% saline, dehydrated through a graded alcohol series a.~d 
then xyienated. Specimens were embedded m paraffin and 
sectioned at 4-8 (ira on a microtome -ILeica RM203E). 

The paraffin- embedded cochlear sections were dewaxed. 
blocked with 10% NHS, 0.1% Tween 20 in PBS, and hybridized 
10 overnight with mouse anti-E. coli 0-gal antibody. The 
sections were washed to remove unbound antibody and then 

. _ ctii.xuuuy (Diocm labeled anti- 

mouse IgG monoclonal antibody. Bound label was amplified 
using the ABC reagent (Vector) and developed with DAB. 
15 Sections were examined under low and high power magnification 
and the presence or absence of staining in different parts of 
the cochlea noted. 

Each of the cochleae transfused with recombinant AAV 
stained positively for 0-gal expression throughout its entire 
20 length, whereas the saline-infused cochlea were devoid of 

staining. 0-gal expression was detected in nearly all tissue 
types within the cochlea including the spiral ligament, spiral 
limbus, and organ of Corti including the auditory hair cells, 
and the spiral ganglion cells. Particularly intense staining 
25 was noted in the perivascular region within the cochlea m 
several animals. /J-gal expression was greater within the 
spiral ligament and the spiral limbus. The stria vascularis 
that encases the cochlear duct remained selectively unstained 
in all AAV infused cochleae. The 0-gal expression was the 
3 0 strongest m the basal turn of the cochlea and decreased m 
the subsequent turns toward the cochlear apex. This tissue 
and regional selectivity within the cochlea may be consequence 
of differential susceptibility of inner ear cells/tissue to 
AAV transfection, and/or the viral titre gradient generated by 
3 5 the mode of vector delivery to the cochlea and its subsequent 
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expression of the 0-gal marker gene. Expression of the virus, 
distant from the site of the infection may be due to its 
hematogenous dissemination to near and distant tissues, or 
migration of AAV via the bone marrow space of the temporal 
bene cr via the cerebrospinal fluid space to the contralateral 
ear, since the perilymphatic space into which the virus is 
perfused is directly connected to the CS? via the cochlear 
aquedvet. Cochlear sections from saline-perfused and 
unoperated animals did not shew evidence of fi-gal expression. 

The cellular and the tissue architecture within the 
AAV-perfused cochlea was intact and free from inflammation 
throughout with the exception of minimal trauma at the site of 
ccchleostomy . There was no evidence of endolymphatic hydrops 
in any of the animals . 

Example 5: Long-Term Transgene E x pression within Guinea Pig 
Cochlea Using A Recombinant AAV Viral Vector 

As described above, recombinant AAV viral vector 
particles were prepared using the £ -gal -expressing construct 
shown in Fig. ID. Approximately 10 b particles of AAV 
containing the CMV-driven 0-gal expression construct were 
infused into the cochlea of guinea pigs with the aid of a an 
osmotic mini pump as described above in Example 3. Animals 
were sacrificed after 1, 2, 4, B , 12, and 24 weeks. Four 
Hartley guinea pigs infused with saline and four nonimpianted 
animals served as negative control. The infused cochleae was 
harvested from each animal, processed as paraffin sections, 
and assayed for /5-gal expression using lmmunohistochemistry . 
Animals infused with AAV showed immunoreact l vi t y m the spiral 
iimbus, spiral ligament, spiral ganglion cells, and the organ 
of Ccrti. This patter of /5-gal expression was observed m all 
animals from 1 through 24 weeks post - infusion; the relative 
intensity of immunoreact ivity decreased progressively with 
duration. Cochleae from saline-infused and noninfused animals 
were devoid of immunoreact ivity . Th observed 24 week 
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Example 6: Transformation and Expression of Green Fluorescent 
Protein (GFP) in Guinea Pig Cochlea 

Recombinant AAV viral vector particles were prepared 
using the GFP-expreesmg construct shown in Fig. 10. 

5 Approximately 1C S particles of AAV containing the CftV- driven 
GFF expression construct were infused into the cochlea of 
cuinea pigs over two days to one week with the aid of a an 
osmotic minipump as described above in Example 3. Animals 
infused with saline and noninfused animals were used as 

10 negative controls. Cochleae were fixed, decalcified; and 
embedded in paraffin. Sections of 6 /im were cut dewaxed, 
coverslipped, and viewed under fluorparpnrp Animals infused 
with AAV containing GFP showed intense fluorescent activity in 
spiral ganglia, Reissner's membrane, spiral ligament, and 

15 organ of Corti as compared to saline and noninfused animals. 

Example 7: Gene Therapy of the Human Inner Ear 

Recombinant viral vectors and recombinant AAV 
particles are prepared as described above such that the viral 
vector expresses a nucleotide sequence encoding a therapeutic 

20 gene product of interest. An osmotic minipump is filled with 
approximately 100 fxl to 1000 /il PBS containing the recombinant 
adeno-associated virus. 

Placement of the minipump in the patient can be 
achieved by a number of different incisions. After the 

25 incision is made, the periosteum is elevated off the mastoid. 
In adults, the temporalis muscle is left in situ at this 
stage, whereas in children it is elevated with the flap. 
After performing an intact canal wall mastoidectomy, the 
facial recess is opened. A cochleostomy is then created by 

30 drilling anteriorly from the round window into the basal turn 
of the cochlea. The catheter of the osmotic minipump is 
introduced into the basal turn of the cochlea into the 
perilymphatic space (scala tympani) via the cochleostomy. The 
osmotic minipump is filled with a transforming vector solunon 

.... . . . - . . . .-leiiJ-- ^ . . 

± r~. : :; e Tn e solution in t h e mini- p ump c a n a d d 1 z i c n a I 1 y 
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contain other agents desirable for introduction into the inner 
ear (e.g., antiinflammatory agents). The body of the pump is 
inserted in a subcutaneous pocket, the round window and facial 
recess packed with gelfoam pledgets, and the skin incisions 
5 closed with sutures. The osmotic mmipump is left in place 
for several days to several weeks to allow infusion of the 
recombinant viral particles into the inner ear and 
transformation of inner ear cells, and may be left m place 
for as long as desired. 

0 Exa -P le 8: Gene Therapy of the Hunan i nn , r Ear ir . roni unct : r.r 

*- w ri~-.-_T T "I _ . . 

The rr.ethod of the invention can be performed in 
conjunction with cochlear implantation. Cochlear implantation 
can be achieved by a number of different incisions for the 
5 placement of the cochlear implant device. It is important tc 
design a flap that is both well -vascularized ar. ' large enough 
to accommodate the receiver. In addition, it n desirable 
that both the device and its lead wires be located well away 
from the skin incision. After the incisions is made, the 
periosteum is elevated off the mastoid. In adults, the 
temporalis muscle is left in situ at this stage, whereas in 
children it is elevated with the flap. A dummy device is used 
as a template to mark the location for the receiver, and a 
well is drilled into the calvarium to seat the receiver. A 
trough is drilled to accommodate the lead wire in its route to 
the mastoid cavity. Drill holes are placed on either side ot 
the well to serve as anchors for retention sutures. 

After performing an intact canal wall mastoidectomy, 
the facial recess is opened. A cochleostomy is the created by 
drilling anteriorly from the round window into the basal turn' 
of the cochlea. In the Clarion device (Minimed, Inc., Sylmar, 
CA) an electrode inserter is utilized to facilitate placement 
of the active lead of the receiver into the scala tympani . 
This tool straightens the coiled electrode tc ease its 



the mastoid cortex and then coiled in the mastoid 



cavi ty . 
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In addition, the catheter of the osmotic minipump is 
also introduced into the basal turn of the cochlea into the 
perilymphatic space (scala tympani) via the cochleostomy . The 
osmotic minipump is filled with a trans forming vector solution 
composed of recombinant AAV viral particles e needing a 
nucleotide sequence of interest (e.g., a nerve growth factcr 
{e.g., NGF (Fig. 9), NT-3 (Fig 7), BDNF (Fig. 8} suspended in 
saline. The solution in the minipump can additionally 
containing other agents desirable for introduction into the 
inner ear (e.g., antiinflammatory agents). The body of the 
pump is inserted in a subcutaneous pocket, the round window 
and facial recess packed with golf Gain pledgets, and the skin 
incisions closed with sutures. The osmotic minipump is left 
in place for as long as desired (e.g., for several days to 
several weeks to several years) to allow infusion of the 
recombinant viral particles into the inner ear and 
transformation of inner ear cells. 

Example 9: Transformation of Rat Cochlear Cells In Vitro 

Recombinant viral vectors and recombinant AAV 
particles containing 0-gal -encoding DNA were prepared as 
described above using the CMV- driven /S-gal expression 
construct (Fig. 10). Dissection of cochlear expiants and 
spiral ligament/stria vascularis explant followed the methods 
of Zheng et al . (1995, supra; 1996, supra). The cochleae were 
dissected from postnatal day (PN) 3 Wistar rats. After spiral 
ligament and stria vascularis tissues were removed and kept, 
the remaining cochlear explant containing the spiral ganglion 
and organ of Corti was cut into three pieces consisting of 
basal, middle, and apical turns. 

Infection of cochlear expiants was carried out in a 
nonsilated eppendorf tube containing 10-20 pi of serum- free 
media with approximately 10 6 viral particles/ml. The expiants 
are then incubated at 37°C for three hours. Experiments have 
shown that prolonged incubation in the infection module (>12 

<-•>:: weif " r a ; ;:t ai neu a^> - 1 a.i: l vi _ _ : v ^^ir.a 

modification cf the explant culturing system c i Zneng et al . 
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{Zheng et al . 1995 J. Neurosci . 15 ( 7 ) : 5079- 5087 ; Zheng et al . 
1996 Eur. J. Neurosci. 8:1697-1905). Briefly, Lab-Tek 8 well 
culture wells were pre-coated with rat tail collagen (type I, 
4.5 mg/tr.l) diluted 1:50 and formulated in 0.02 N acetic acid 
5 in water. Approximately 200 /;! was used to coat the wells, 

which were then incubated at 37°C for 1-2 hrs, and washed twice 
with water prior to plating with explants. The cochlear 
explants were gently laid down on the collagen- coated culture 
wells with 200 /il of serum-free medium [BME * serum-free 
10 supplement (insulin, transferrin, sodium selenite, Sigma I- 
1864) , 1% BSA, 2 mM glut amine, 5 nig /ml glucose] without 
antibiotics. The culture media was changed every r.wn days 
Uninfected cochlear explants (mock infected) served as a 
control . 

15 After 72 hours of incubation, the cochlear explants 

were assayed for 3 -gal expression by hist ochemical detection 
using the methods described by Sanes et al . (1986 EMEO J. 
5:3133-3142) with modifications. Briefly, the explants were 
fixed for 15 min at 4°C in 2% formaldehyde and 0.2% 

20 glutaraldehyde in PBS, and then washed three times with PBS + 
ImM MgCl 2 . The explants were immersed in histochemical mixture 
of 1 mg/ml X-gal, 5 mM potassium f erricyanide , 5 mM potassium 
f errocyanide , and 2 mM MgCl^ , 0.02% NP-40, and 0.01% sodium 
deoxycholate in PBS. Incubation was done at 37°C for 6 to 10 

2 5 hrs. 

No observable toxic effects, hair cell degeneration, 
or degeneration of various cochlear cell types occurred under 
either the culture conditions alone (control samples) or 
following AAV infection. Fig. 13, bottom left panel shows an 

3 0 exemplary transformed organotypic rat cochlear expiant after 

infection with AAV-3-gal and X-gal staining. Several 
transformed cells expressing 3-gal are observable within the 
cochlear structure,- a slight endogenous B-gal activity is 
detectable in the vicinity of the outer hair cells. At higher 
35 magnification (Fig. 13, right panel) shows a high 

magnification rhp cochlear ^xrlar^ in the v °an^ ~-i- r .v- 
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In order to more closely examine the 3 -gal expression 
of cochlear cells, dissociated cultures of spiral ganglion 
neurons (SGN) were prepared. SGN cell cultures were prepared 

according to methods well known in the art. Briefly, after 
5 dissection of the cochlea and removal of spiral ligament and 
stria vascularis tissues, the remaining spiral ganglion ceils 
were incubated ir. a mixture of 0.125% trypsin and C.125% 
ccliagenase for 25-30 min at 37°C. The enzyme was inactivated 
with a mixture of 0.005% soybean trypsin inhibitor and 0.005% 

10 DNASE before trituration with 0.05V DNase in BHE . The 

dissociated cells were counted on hemocytometer and plated at 
a density of -80 , 000/vell on polyly^inp fi no ug/ ml) / laminin 
(10 ^g/ml) coated 16-well Lab-Tek slides with 200 /il of serum 
free media as described above. Infection cf dissociated SGN 

15 was accomplished by introducing approximately 10 6 AAV-3-gal 
viral particles into the media. The infection was allowed to 
continue for 6 hrs at which time media was replaced with fresh 
media . 

Fig, 13, top left panel shows a culture of dissociated 
2 0 rat cochlear cells infected with AAV- P- gal. As shown, a 

substantial number of cochlear cells in the test samples were 
successfully transformed with the 3-gal-encoding construct and 
expressed B-gal at readily detectable levels. Uninfected 
dissociated cochlear cultures demonstrated no blue cells. 

2 5 Example ]Q: Prevention of Amikacin- Induced Auditory Nerve 

Damage in BDNF- Transgenic Cochlea 

Recombinant viral vectors and recombinant AAV 
particles containing brain-derived neurctrophm factor- 
encoding DNA (see the construct in Fig. 8 were prepared as 

3 0 described above. Cochlear explants were prepared as described 

above and infected with approximately 10 6 particles/ml of AAV 
containing the BDNF expression construct according to the 
protocols described above. Uninfected cochlear explants (mock 
infected) served as a control. The cochlear explants were 
-3 c -vo- -n^intair.ed in nraanc-vni" culture a? described above 
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a concnetration of 4.5 mM. After incubation for 2 days, the 
cochleae's neurofilaments were examined via in situ 
fluorescent immunohistochemistry using AN anti-neurof i lament 
antibody. The samples were first fixed in 4% paraformaldehyde 
in C.l M phosphate buffer (pH 7.4) for 3 0 min. Tne fixed 
cultures were then washed with PBS, and tnen incubated with 
the primary anti -neurofilament antibody (N52, Boehringerj m 
1% Triton X-100 containing 3% normal goat serum at 4 l c for 
approximately 48 hrs. After washing in PBS, the samples were 
then incubated at room temperature for 1 hr with species - 
specific secondary antibody conjugated to Texas Red. The 
samples were then washed with PBS , mounted in Fluoromount -G 
(Southern Biotech. Associates) and visualized under 
fluorescent microscope. 
15 As shown in Fig. 14, top left panel, numerous radial 

neurite projections are observed in the control cochlea (mock 
infected, no amikacin) . However, the number of neurite 
projections in amikacin-exposed control cochlea (mock- infected 
plus amikacin) was dramatically reduced (rig. 14 , top right 
2C panel). In contrast, AAV-BDNF infected explants exposed to 
amikacin exhibited a significantly increased number of 
peripheral neurites compared to the uninfected amikacin- 
exposed explant (Fig. 14, bottom left and right panels). 
These data demonstrate not only that the cochlear cells were 
25 successfully transformed and expressed BDNF, but also that 
BDKF expression acts as a potent survival factor for SGN 
exposed to an ototoxic drug. 

Following procedures similar to those described above, 
other therapeutic proteins car. be expressed from DNA inserted 
3C ir. the genome of an inner ear cell by gene transfer according 
to the invention. 

The invention now being fully described, it will be 
apparent to one of ordinary skill in the art that many changes 
and modifications can be made thereto without departing from 
35 the spirit or scope of the appended claims. 
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What is claimed is: 

1 . A method of transforming in vivo a cell of an 
inner ear with a nucleotide sequence of interest, comprising; 

introducing into an inner ear a vector comprising a 
construct, the construct comprising a nucleotide sequence of 
interest and a eukaryotic promoting sequence ope r ably linked 
to the nucleotide sequence of interest. 

2. The method of claim 1, wherein the cell of the 
inner ear is a cochlear cell. 

3. The method of claim 2, wherein the cochlear cell 
is cell of a cochlear structure selected from the group 
consisting of the spiral ligament, spiral limbus, stria 
vascularis, organ of Corti, and Reissner's membrane. 

4. The method of claim 2, wherein the cochlear cell 
is an auditory hair cell, a spiral ganglion cell or a Hansen's 
cell . 

5. The method of claim 1, wherein said introducing 
is by infusion. 

6. The method of claim 1, wherein the viral vector 
is an adeno-associated viral vector. 

7. A substantially enriched genetically transformed 
cochlear cell culture, comprising: 

a nucleotide sequence of interest which expresses a 
therapeutically effective gene product which nucleotide 
sequence is artificially and operatively inserted in the 
genome of the cell; 

a promoter operatively linked to the nucleotide 
sequence . 
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8. A method of treatment, comprising: 
genetically transforming in vivo a cell of an inner 

ear of a subject with a vector comprising a construct, the 

construct comprising a DNA cf interest which expresses a gene 
5 product that the patient is in need cf and a eukaryotic 

promoting sequence cperably linked tc the s:;a of interest.; and 
allowing the genetically transformed cells to express 

the gene product in a therapeutically effective amount thereby 

treating the patient. 

0 9. The method of claim 6, wherein the ceil of the 

inner ear is a cochlear cell . 

10. The method of claim 9, wherein the cochlear cell 
is an auditory hair cell, a spiral ganglion cell or a Hansen's 
cell . 

5 li. The method of claim 8, wherein said introducing 

is by infusion. 

12. The method of claim 8, wherein the nucleotide 
sequence of interest encodes a nerve growth factor. 



0 



13. The method of claim 8, further comprising 
implanting a cochlear implant in the inner ear of the subiect 
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